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1OW TEMPERATURE AUTOXIDATION OF HYDROCARBOLS$ The Kinetics of
Tetralin Oxicationt

Arthur E., Wocdward and Rcbert B. Mesrobiaa
Institute cf Polymer Research, Polytechnic Imstitute of Brooklyn.

The liquid phase oxidation of tetrelin (I) has bemn studicd by -
seVeral'investigatorsl's. The recent work of Bamford end Dewars
clearly dewonstroted that this oxidotion is & radieal chain process:
foll&wing the gener$1<schémc of Bollsnd and Gee’ for autoxidetion
reacticns, The initial product formecé in the réaction is the
hydféﬁeroxide (11),

— H  OOH
€ q
Sy pat

1,2,3,4<Toetrahydronaphthalene Tetrnlin Hydroperoxide
' (Tetralin)

and o number of cxygenated proiucts are Tformed after extensive

oxidahionﬁ, Heavy metal ions have been shown to greatly accelerate -

(1) S.S.Medvedev, Aota Physioschim., U.R.S.S., 9, 395 (1338),

(2) P. Goorge, E.K,Rideal and L, Robertscn, Proc. Reyal Soc.,
1854, 288 (1946).

(3) (o) Fy George, ibid., 1854, 337 (19468); (b) Trans. Faraday
Soc., 42, 210 (19467

(4) (a) P. George and A, Robertson, Proc. Roynl Ssc., 1854, 309
(1946); (b) Trons. Faraday Scc., 42, 217 (1948)0

(6) A. Robertson and #, A, wWaters, J. Chom, Sco., 1948, 1574,

1578, 1685. I

{6) C. H. Bamford and M. J., S. Dewar, Prac. Royel Scc., 198i,
262 (1949). —

(7) () J, L. Bolland, Proc. Royal Scce, 1864, 218 (194S); (b)
Treps, Faradasy Soc., 44, 665 (19487%; (o) Quart. Revs. 3,
1(1949); (d4) J. L. BoIland ond G, Gee, Trans. Faradny Boc.,
42, 236, 244 (1946).
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the oxidetion -f tetrzolin as well s the decomposition »f the
hyﬂroperoxides'5= The mechanism of these renctims, howover, is
quite compliented and there dees not cppear to be any unificd cone
gept of the role thet metel activotors play in these reactiunms.

In this article, studies are presented on the kinetics of the
thermzl, free rocdical initiatsd (bonzoyl peroxicde and azo-biseiso-
butyronitrile), end heavy metal activated (cobaltous ion) oxidation
of tetralin., In on earlier'articlee,fa.general discussion of the
kinstics of cutoxidation reactions was presented. By a straight-
forward mathemetical extension of the mechanism presented by
Bollgn@rand—Geé7 for gthyl lincleatc exidatiog. certain features
regarding the extensive autokidatiog of hiérﬁcarbonsrwere predictec,
Those features predicted, that are pertinent to the work presented
in this article, my be sumurized as followss (i) the occurrence
of steedy, maximum rates of hydrocarbon oxidati:mn, (ii) independence
of the maximum rate of oxifation on the prescnce nf activators
(e.c. yggvy metal icns) despite the prenounced effect that these
agencies mny have -n the initial rate of reactien, (iii) the
ocourreonce of steady cincentrations cf hydropercxide aczumpanying
the maximum rate of oxiietin, (iv) specific dependencies of the
maximum rate of oxidatisn and steady concentrstion of hydroperoxide
on hyarocarbon concentration anc temperature of reaction. The

studies -f tetralin oxidation were umdertaken in an attempt to

experimentnlly explors thesc four items and to demonstratec any unique

(8) A. V. Tobclsky, D, J. Metz tn? R, B. Mesrobien, J. Am. Chem. Soc.,

72, 1942 (1950).
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relationship thet may exist betwrecn the thermnl, froe radieal
initinted, and metal sctivete? oxidntion remctinns,

Tetralin was employed in this work becouse many of its kinetic
features have alrendy been establisheu end because it is recadily
availayle. In adéition, it is one cf the few hydrccarbons thatr
yislde & solid, readily purifisble hydrcperoxides - As will be dis-
cussec later, the availability of the pure hydroperoxide is of
considercble aid in establishingba suiteble experimental prccedure
to_measure.the steady concentration cof hydroperoxicde in oxidizing

systems,

EXPTRIMENTAL
Reagents: |
Tetralin (fisher Scientifio, purifie’ grade) was washcd with

conc, sulfuric acid until the washings were cclorless and then

- wnshed repeatedly with distilled water und stored cver anhycdrous

magnesium sulf&te} Pricr to use it wns Jdistille” under purified
nitregen and the fracticn distilling ot 46°/1"m, eollecte!, The
purifie:l product gave nc response to peroxide tests,

Tetralin hyircperoxice was prepered by air cxidetiorn of tetra-
lin. Purified tetralin (700 ml.) wrs placed in & l-liter round
bottomed flagk fitted with roflux ccndenser. Dry #ir was blown
through the solution for 48 hours at 70°C, The oxidized mixture
wes ther ccncentreted t- 150 ml, by vocuum <istilletion at 60°

buth temperature. The concentrated solution was conled to =5° for

pon
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12 hcurs an” the matericl thot crystellized collected on 2 sintered
zlass filter. The procduct was further crystallized thrco times
frcmur petroleun other (bsiling ronge 40-60°) v:;ne.’-. dried under vocuo
gt rcom temperature., It was sometimes found crmvenient to ocarry
out the seo;ond cx‘ys_tha'llizr;tion ih the presence ofiacti.vate;i_ charcral
in order tc remove discolrraticns. ('m.-p.. 55,7-56°, yield 7-10% of
theoretical). The peroxide ccntenf Aagr'eed with th—veb theoreticel
rlus within the limits of errcr of indometrio determinations.

Benzene (lhll;lnc!crodt, enalyticcl reagent) was stored over
sodium, S

Biphenyl (City Chemical; technical grad;)ggas_érystq;;ized
three times from petroleum ether (b. range 40-60%) and driod in
vaguo.

Acetic seiil (J, T. Boker, glneial, cralyzed reagent) wes used
as reccived from freshly opened bottles, T~ insure the cbsence of
water, 1% by volumo acetic anhydride was added 24 hnurs before usc,

Anhyérous cobaltous acétate wes preparcd by the procedurc of
Bown and Williamson®, Cobaltous acetate tetrahydrete (Fisher
Scientific, tested ﬁurity) mes ground to e fine powder and diied to
constant weight in a veecuum oven et 100° and 1 mm. pressure, . Tho

enhydrous materinl was storad in a dessieator ovor phosphoric

anhydrice,

(9) ¢. E. H. Bawn end J. B. 'Tilliamson, Truns.'Faradny Soe., 47,
721, 735 (1£50). -




Benzoyl peroxide (Fisher Scientific c.ps grade) was usocd &s
rceceivaed,

2,2'-fzo~bis=icobutyronitrile (m.p. 103-104°) was prepered and
purifiac according to the method of Overberger st ul.lo as adapted
from the proceﬁﬁ?e of Thiele and Houserll,

Reagent grade matericls werc omployed in the analyticul

procedure for estimation of hycroperoxides.

Apparatus

A ciagrem of the oxygen obsorpticn apparatus is shown in Figure

I. Two reaction flasks were used (80 or 1l28-ml,) depending upon the
volume of the so}ution. The -tempoerature fluectuation in the oil bath
was'determiﬁed:ﬁith a"éockmang thermcggter and found to be constant
‘within & 0.05°, Silicon c¢il wgs used as the mapometer fluiZ since it
is iport to oxygen, hes a low vopor pressure end :due to its low

density is more sensitive than mercury tc pressure chenges.

Froocedure;

The prosedure emplcyed for measurements of oxygen abscrption in
the thormsl crd benzoyl peroxide or azoebis=isobutyronitrilc catalyrzed
runs was as followss The reaction flesk was cocled t~ Dry Jee
temperature prior te additisn of renctants., Esch reagent was thon

’

{10) c.G. Overﬁerger, M,T,0t'Shaughnessy and H, Shalit, J. Am. Chem.
Soce, 71, 2661 (1949). .
(11) J. Thiele rn {, Heuser, Jsinn. 290, 1 (1896),




added separatsly, allcwing sufficient time for esch comprnent tc turn
solid. The system wus evncuntecd ancd flushed with oxygen threc times.
The reaction flask was then wermed to room temperature and immedistely
inserted in the sheking ruck mairtoined in the oil bath. Excess cxygen
pressure formed during the warming period was released from thc system.
The reactants were maintéined at bath temperature for four minutes bes
fore taking the first reacding. The oxygen pressure in the systom wes
maintained constant by frequent manipulation of the level of the gus

burette. The runs were carried out under oxygen ot atmospheric pressure,

‘An altermate procedure, used in studies cof metal oatalyied oxidation,

différed from the above 1ﬁ the following menner. The reactants were
separately hected to fhe temperature of the rum and then rapidly added
tc the reaction vessel maintained in the oil.bath. The upteke of
oxyzen was recarded ~pe minute after addition of reactants, Tho latter
procedure was required for metalecatolyzed runs in the presence of added
hydroperoxide since the oxidaticrns were rapid ana therefore required as
short a time as possible for temperature equilibration,

Peroxide Determinations:

The ~nalytical procedure used for all hycr.pernxide estirations
was essentially tho method described by Wagner, Smith and Petersl?,
This incdometric procedure appears to te very satisfactory for tetralin

hydroperaxice. Although it might be expected thant the endpoint for

(12) C. L. Wegner, R. H. Smith anc E, D. Peters, Anal. Cheme 19,
976 (1947).
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icicmotric titrations in the presence of c¢-bnrlt ion would be Aifficult
tc determine, it was noted that tho gresn eclor due to the addition
of an aligquct of cobalt ion in nestic aecid t+ on isopropyl alechel
solution of sodium iodile cculd bo oompletely cischarges by addition
of a smrll amcunt of water. Accordingly, titroticns of iodime
liberoted from samples containing hydroperoxide and/or ocbalt ion

could be titrated with thiosulfate to & colorleas endpoint.

Measurement of Hydroperoxide Decompesition

Measured quanfities of the solvenpt or solwvents containing cobelt
aocctate were pipetted ints a 250 ml. Erlemmoyer flask and the flask
olosed under air with 2 ground=glass stopper. The contents were
heated to the dosired temperature in the same constant temperature
bath usel for the oxidantioms., A weighed quantity of the hydroperoxide
was added and the flask shaken t dissclve the rperoxice. An aliquot
was immediastely removed for iodometrie titratiosn in order tc establish
ths initial peroxide cuncentration, 2nd subsequent samples werc takon

et time intervals Zependent upcon the rote of the reaction,

Measurement of the Stoady Concentraticn of Hydroperoxide

These metsurcments were mide -n multi-component systoms consiating
of tetralin, tetralin hydropersxiis, solvent, and, whenever used,
cobsltous acetate. An initiel rotec mcthod was used t» spocify the
steady cencentration ~f hyircperoxide, In this procedure, a given

amrunt of pure hydroperoxicc was ocdZed to the other reagents
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previously placed in the reaction vessel of the oxygen abssrption
apparatus, Reaction ccnditions identical with oxygen absorption
measurements wers mointained. Bowever, instead of recording oxygen
absorpticn, aliquots of the reaction mixture were removed. The

first aliquot, taken irmediately after addition of the hydroperoxide
served to establish the peroxido value at zero time and tho second
aliquot, removed at a later fixed time interval‘, indiceted the net
inorease or deorease in peroxide content of the system, If the

amount of peroxide initially added was greater thaun the steady con-
contration of the system, 2 net decrease in peroxide value during
oxidation was recorded end vice verse. Through & serics of successive
measurements & peroxide content wos estﬁﬁlished which showed a2 minimel
change in value between the first anc second rendings, The data
recorded in a typical sequence of runs are summerized in Toble I.

In viow of the fact that the amount of peroxide actuanlly docompesed

*The time roquired for tho sccond reading was chesen in the following
woy. In order that a steady concentration of peroxide be maintained
in an oxidizing system, it is necessary thot the rate of peroxice
formation be equnl to its rrte of lecompnsiti:n, Having previcusly
measure:d the steady, maximum rito cof oxygen absaorption this rate

¢ould then be emplcoyed te calculate the time interval whercin less than
10% of the initiolly added peroxidc (at tho steady concentrution)
wruld hewve decomposed. Gonorally, tires one~half this voluc were
employed,




TABIE I

DETEPMINAYION OF THE STEADY CQHOENTELTION OF TETRALIN HYDROPEROXIDE
IN TEE OXIDATION OF TETRALIV ACTIVATED BY COBALT ACETATE AT 81°C.
(Tetralin = 1,22 m/1:Ca40p=0.002 m/1 in acetic acid).

\}ROOH_{ V3 Roos] 4 mm.m/l A RGOH m/1
0.0461 10,0486 + 0.0025
0.0511 0.0533 + 0,0022
0.0557% 0.0557 0.0000

0.0680 - 0,0020

0.0600.

<%

® Best value for the steady concentration of {hooi}

within the time of the experiment wes less than 10 per cent, it is
telicved that thi; procedure constitutes a type of initialirate
measurement, The advantage of thes technique is that the chenge.in
tetralin ormcentration during reaction is negligibly small a~nd that
any products of peroxide decompusiticn which mey impart ep inhibitory
effect to the ronction are held to o minimal vnlus, This technique,
however, is subject tc the usu=zl 1imitati;ns of initial rate studies

inasmucﬁuas it is not possiblo to evcluate the magnitude ~f the

srrors involved, : : oL i T : e

-

Dependence ~f Oxidation Rate on Shaking Speed

In order to determine the proper sheking speed »f the recction
vessel shown in Figure I, studies were made on the depenfience of
oxidation rate on shakin; speed. The results are summarizecd in

Teble IT for a typical reaction conditiovn, Adiitionnl docterminations



wore made for runs carried out under different cmaditione of tempera-
ture and concentretion of reactants, It wns found that a sheking
rate of 180 strokes per minute was sufficiently rapid to ensure

oxidetion rates independent of shaking speed,

TABLE II.

THE EFFECT OF SHAKING SPEED ON RATE OF OYIDATION OF TETRALIN IN
CHLORCBENZENE AT 50°C. CATALYZED BY AZO-BIS-ISOBUTYROMITRILE.

-Shaking Rote ! Rate of Oxygen Absorption
Strokes/mir. : ¥oles Oxygen Absorsed/35 ml.
i ; Salution/hin. x 10
T i
0 ' 2.0
60 ! 7.28
100 7.28
124 | 7.30
236 : 7.20

i L)

REST:LTS AND DISCUSSIOM

Oxidatiors Initiated by Benzoyl Peroxide and
Azn<bis=isobutyrenitrile

6

Bamford an& Dewur .have demonstrzted by phsotosensitized oxidation
studies of tetrzlin thet this roccticr follows the generel autoxidation
scheme of Bollend and Gee’. On tho besis of this scheme. the ~xide-
tion of tetralin, initiatec by benzoyl pcroxice (Bz02) or azo-bise
iscbutyronitrile (AZEN) at hich oxyeen pressure (greater then 50 mm,

Hg. of oxygens) mey be written s follows:



k
7 .

(12) Initiator 2 2R (Vi)
k

(28) Re +0p _--2-.-’ ROz+ .
(38) RO, +RH-—-—§—-) ROOH + R
() ROg.+ROz. i—} ROOR + 02

@A)

Kinetic analysis of mechanism (L) leads to the following rote
expression for oxygen absorptiom, when the production of redicals
ncours ‘only by decomposition of the initiator:

-dEz]/dt = k3 vﬁ[na} : (1)
-(——7%_ Tk

where Vi is the velocity of the initintion step and RH: is the
hydrocarbon scncentration.,

iIf the velocity of initiation may be defined as the rate cf unimolecular
decomposition of the initiator, times the efficiency, ¢4 of initiation

of oxidation cheins, then equation (1) m.y be expressed ass

. & N
= ‘323’/("‘}6 = kg (eik7/2k6)2ff—i}i} EInitiatmjz (2)
where .6y is the officiency cf initintirm, i.e,, the rotic

of the number of oxidaticn choins stertel tc the number
of initiktor molecules :lccomposod,

In the case of totrelin oxidntion initinted by either Bz0p or AZBY,
Bateman and Morrist® have recontly shown thet ey is the samc for

both initiators (i.e., ey ;. /

eBzOg = 1,01 et 56°) and is approximately

closc to unity. Values cf ¢ grenter an< smaller than two werc found
with other olefins, althcugh the theoretical wvalue for ey, as dofined

above, should be two, The unimolccular rate constants (kg) for BzO2

ond AZBN recompositior have been measurcd by Bawn and Melishl4 using

(13). L. Bateman end /., L. Yorris, Trans. Faraday Ssc., 48, 1149 (1952).
(12) C.E.H, Bawm rnd S.F. ¥elish, ibid., 47, 1216 (19515,

T T
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.r; inhibitor method,

On the bi.sis of equation (2) the rate of tetralin oxidetion
should be.first-ordér with respect to tetralin osnecentration and one-
half oréer with respeot to initiator concentfnticn. Figure II re=
presents the data obtained by oxilntion of tetralin in chlorobenzone
solveét at 60° et various initinl concentrations of AZBN. The extent
of oxidetion was mainteined st less than 10% in order that the totroe
lin Oane@#ration remain eésentiélly constant, In addition, the
total time.of each run was smA11fooi§afed with the life time’df the
caiai&si {107 deccéposition in 19 hours) at this temper&ture, so
that this concentration nlso may be consicerec constant.. Figure III
represents a logerithmic plot of oxidaticn rete vs. AZBN concentration
a8 determined frcm the data of Figure II, whence it is noted that thé
rate is sne~half order with respect to AZBY., The plots represented in
Figures iV and V on oxidation rate vs. tetralin céncentratinn at
constant AZBN concentration demcnstrate that the oxidation rote is
also first-order with respect t» tetrelin concentratiin. Thesc obser-

vatinns nre in agreement with the rate expression given in cquetion

(2).

Oxications activated by Ccbalt Ions

Bavm ané co-workers? 15 hive showm thut hydrcearbons wndergo

ropid oxidetion in the presence of arhydrous cobaltous acctate in

(15) (a) C.E.H. Baw, i.A. Pernington and C.F.H., Tipper, Faraday
Society Discussisn 10, 252 (1951); (b) C.E.H. Bawn and
A.G hite, J. Chen. Soce., 1951, 331,339,344; (¢} C.E.H.
Barm, Faraday Sooiety Discussion, Sept. 195¢ (to be
published),
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ecetic acic solvent. In certain instances the metal icn con react
directly with the hydrocarbon to initiate oxidation chains, although
more genorally, the rolo of the mctal ion is to generaste radicals Sy
reacticn with hydrcperoxide, It has been postulated that smell
amounts of cobalt ion can promote the decomposition of a large quone

tity of hydroperoxide, possibly by recactions of the types

- _ ROOH + Co*2 ww—w) RO+ + HO™ + Co*S (B)

ROOY + Co*® ——) ROye + H* + Co?2 (¢)

These reactions; however, ar. very complicated, particularly since
the cocbalt functions as & complex ion, and oxidstions initiated in
gy this manner do not render the relatively straight-forward kinetios
(ﬁ) obteined with oxidetions initisted by Bz0p or AZBY.

If the oxidntion of tetralin, sctivatsd by ccbalt ion, may be

represented in the following monner,

k' R
(1B) ROOH + nCo*2(or Co*3) 3 R.' o > R

ko
(D)

- k
{38) ROy +RH —2-3 RooH + R+

(48) ROpe + ROg« -ie—)ROOR + Og

ther it is apperent that this oxidetion will exhibit autccatalysis
since the hydroperoxide foimed during oxidation will subsequcntly

react with cobalt ijon and continuc the chain prccess, The kinetic

e Al il
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expression for the rate of oxidation when peroxide decomposition is

negligible ocompared with its rate of formaticn is:
T - 2
-4[0z]/at = ky(le)' /pke)2(RE] E“mﬂ% o2] / (3)

It may be seen from equation (3) that the rate of oxidation is
proportiontl o the instantaneous concentration of hydroperoxide in
the oxidizing system as well as the concentrations cof hydrocarbon
and cotalt ion.

As the concentration of hydroperoxide in the system increases
with time, the rate of decomposition of hydroperoxide will eventu-
nlly equal the rate of formation of hydroperoxicde and this will then
lead to the appearance of a stationary or steady concentration of
hydroperoxidea. The magnitude of the stesdy concentration of hydro-
peroxide EIOOH]w will be given by the cxprzssions

ksz@ﬂz

iROOH|py = = (4
i Joo 2k1'k6(§o*2:r )

On substiti:tion of the value of @001:’76«;. in eguation (4) into the
hydrcperoxide term on the right hand side of equation (3), the rate
of oxidation is given by:

o L

Ed@z]/d‘éoo T ok 2]

As discussed previouslys, this rete expression corresponds to the

maximum rate of oxidation of tetralin at e given temperaturec and

- 14 =

.
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hydrocarbon ooncentration sinee the rete is independent of the

cobalt activator concentration, An equation identical with equa-
tion (5) cen also be derived for tne purely thermal oxidation of
tetralir in the advancc stage of oxidetion where a steady concentra=-
tion of hydroperoxide has besen attained. In this omse the initiastion
step occurs via the thermal decomposition of hydroperoxide.

TheAexperiﬁsntal verification of equation (5) and also equation
(4) for the oxidation of tetralin in acetic acid activated by
oobaltous ior will now be discussed.

The rate ﬁf oxidation of tetralin at several concentrations of
q§balt6us aoetaté at 60°C. is represented in Figure VI. At the
lowest cobalt oonéentration there is en appreciably long inhibition
puriod.ifollowed by & stage of oxygem ebsorption exhibiting a ocon=-
stantly accelerating rate of oxidation which after approximeately 70
minutes approaches & steady or maxirum rate of oxidetion. At the
higher cobalt ion conocntrations, the time of the induction period
and the auto acceleration period are shortened whareas.the.steudy
rete atteined in all three cases is the samec. The inhibition stage
noteé at the lower cobalt concentrations is believed to be due to
the initially slow accumulation of sufficient hydroperoxide in the
system to entble tho step (ID) in mechanism (D) to scrve as the
important initistion =tep in the oxidiction rsection. Imitiation
of oxidation by direct rsaction of cobalt iom with tetralin should

not exhibit any inhibition periocd, If a srall trace of tetralin

- 15 =



hydroperoxide is edded to tetrelin pricr to tho start of oxidatien
run ct the low cobalt rcetate conoontretion, the inhibition perioed

is almost complctely eliminated, This effect is clearly demomstrated
in Figure VII wher:c the rates ;:f oxidation are shown for systems
containing small, initial smounts of added hydroperoxide.

Figure VIII represents thc dcpendonce of the rate of totralin
oxidation on the concentration of hydrocarbon &t 50°, At cach
concentraticon of tetralin the rete of oxygen absorption approeches a
steady or maximum value. A trace of tetralin hydroperoxide was added
to the system prior to each run in order to eliminate the induction
pericd. A logurithmié plot of the steady rates of oxidation from
Figure (VIII) veréus the tetralin concentration-is shown in Figure
(IX) whence it is noted that the steady rate of oxidation is propor-
tionel to the square of tho tetrelin concentration. The square
dependence of oxidntion rate on tetrzlin concentration and ths zero=-
order depcndence on cobalt acstate consentration arc in complote
agrecment with equdtion (5), derivced from the maximum rate theory
of oxidat;on. |

In addition to the measurcmenis of oxidetion rates, studies
have clse been made of the hydroperoxide concentration of tetralin
oxidized in the presence of cobalt acetete. In ordor to cstablish
the dependencc of the stcady concentretion of hydroperoxide on
tetralin and cobalt acetate concontretions, peroxide determinations

were mede according to the initicl rote method described in the



experimental section. -As previously stated, these studics werc

made by adding pure tetrtlin hydroperoxide to tetralin in scetic

acid containing cobalt ion and determining after a short time

interval the relative increase or deoreasc in peroxide vnlue of the
oxidizing system. By this proccdurc it. was possible to eliminate the
experimental difficultics encountered by Bewn and co-workers in
determining the steady peroxide coﬂcentration of oxidizing hydroocarbons
in the preacnce of cobalt ion, whecrein a graéual destruotion of the

cobalt activator (possibly by watcr formed during reaction) led to a

progressive upward drift of thc steady concentration of hydropcroxide. .

The gradual decrease in the rotivity of the cobalt ion is not reflect-
ed in the.rates of oxication, however, since these rates aro indépend-
ent of the activator concentration, -eq. (6).

In Figures X and XI are plottod logarithmically the vtlues of the
stoady concentrations of hyiroperoxide versus totralin concentration
rnd cobzltous acetate cancentration, respectively. Thesc studics
werc cartied out a¥ 650°C, under rcaction conditions identiecl with
the oxygen absorption measurements.

In agrecment with cquution (4), thc steady concentration of
hydroperoxide is proportion:l to the square of the totrulin ocorncen-
tration and inversely proportional to the square of the cobait
acctate concentration, The inverse, Egggsf_dcpendence on cobalt
concentration (n=2 in equation 4) indicates that the deoomposition

of tctralin hydroperoxidc, activated by cobelt ion, is scconc-order

n17u
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with respect to the cobelt concentration., Ar irndependent verificae
tion of thc order of reaction involved in the cobalt activatoed
decomposition of tetralim hydroperoxide mcy be obtzined from direct
study of this decompesition under non-oxidizing conditions.
Accordingly, the ratcs of cecomposition of tetralin hydroperoxide in
aoetic acid containing benzenc (to simulate tho tgttalin molecule
without subsequent oxidation) e2nd cobzlt acetote have been dctoermined
at 50°C, As shown in Figure XII, the decomposition of ®etralin
hydroperoxide adhereé'to a first-order plct dowm to 90% decomposition
of hydroperoxide and the rate of decomposition of peroxide inercascs
with the cobalt concentration. The'fact that the cobalt acetate
serves as = trus activetor and is not dsstroyed by the hydroreroxide
is demonstrated by the fact thot thes deeompositions were run at
initial molar ratios of cnbalﬁ acetate to peroxide as low as 1 to
150. In the ebsence of cobalt i-n, the decompcsition of +otralin
hydroperoxide at 50°C, is negligibly small, From o logarithmic plot
ol the dﬁgomposition rate of peroxide versus the cobalt acetato
cencentration given in Figurc XII it is sceon in Figure XIII that the
decomposition is seccni-order with respect te the cobalt concentraticn,
The cobalt ecetate concentriation emplcyed in the study of hydroperoxide
decomposition was in the same coneentration renge as that employed dn
the oxidation studies. At hifhur cimssntretions of cobzalt

(6 x 107%m/1.) tho'slopc of the line rupresented in Figure XIII

diminishes toward o valuc of unity, The decomposition of Tctrzlin
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- in Figure XV for oxidations at several cmcentrations of tetral;nf”

hydroperoxide activated by cobalt acetatec may therefore be ropresented,

in the cobalt concontration renge cemplcyed, by the exprossicn:

~d {R0OH] /at = X [Roor} fgo’ﬂz (6)

Thermal Oxidations

The rete of thermel cxidaticn of pure tetrelin at elevatcd
tgmpimtqre‘s is showm in Figure XIV. Continuation of the rune shown
 in'this Figure to highar extunts of oxidetion gre not possible since

~ the system ceases to Qxidizé shortly after the time of tho last point
given for the runs et each temperature, This effect is demonstfatéd
since it 1s noted that ths curves pass through & steacdy region of
oxidatioﬁ snd ther diminish rapidly., It is seen, howsver, that the
steady rate is prcportionul tc the square of the tetralin concontra-
tion ns shown in Figure XVI, This dependence hes nrlsoc been noted by
severnl other workersl’S, At first sight it might be assumed thet the
thermal giidation of tetralin, in the steady rate stege of oxidation,
ctn be expressed by the meximum rote squation (5). It has been
observed, however, that thc additicn of small amounts of hydropcroxide
€5 tetralin, during the coursc of an_oxidation run, markedly acceliers
ctes the recte oé cxygen absorptiom. Determinaticn of the concontra-
tion of hydropercxides during the oxidetion of the hydrocarbon gave
no indieation of tho occurrencc of a steady conccntration of hydrﬁ-

peroxide (the peroxide oontent increases with time >f renction until

e i

§
&
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the oxveen absorption passes through the steady state.region) a8
predicted from theory, In addition, it will be shown in thc next
section that the steady rate of thermal oxidrtion of tetralin is
cansiderdbly slower_than the maiimum rote éf'oxidation measured by
other modes~of iﬁiﬁintiog; On the bagis of the evidence_thus far
éécumulated; it woule seem that tho thermel oxidation of totralin is
acbémpanied by'the simultuneous formation of an inhibitor. In fact,
oxtensively oxidized tetrslin cen be used in smﬁll amount; to
inhibit the oxidation of freshly distilled tetraiin. Robertson snd
‘Waters® have cemonstrated thet Y-o<hydroxyphenylbutyric acid IIT s

formed as one of the minor procucts of tetralin oxidation, probably -
i

.- B8

c'iooa
P B
_;¢¢>\? /{é::
X ~en,
Y -C-Hydroxyphenylbutyric Acid
I11

& c-rsequence of peroxide deccmposition, and that this compound
functions 28 u gocd inhibitor for sxidation.

Studics on the determination of the stezdy concentrnticn of
hydroperoxide in the thermal oxication of tetralin using the initial

rate technique, e&re proscanted in o leter section.

& 20 —



Comparison of Oxidetions Initiated by Verious Agencies

A direct correlation between the rates of tetralin oxidation
initiated by BzO, or AZBN and oxidation activeted by cobelt acectate
my be readily presented. If the rate expression given in equation
(2) for the free radical catalyzed oxidation is squared and divided

by 2, the fallowing is obtalned:
4 ~2 1.2 =% 2{' .)
$(-aid,]/at]" = dg® -] [Inittator] (7)

where e; is taken at the theoretical value of 2.0,

Division of both sides of equation (7) by the veibcity of initiation

(kq {?nitiatof} ), gives:

2
= - = 2 T2
(rafozi/at; key” [RE
2k, T T ek (3%
7 gpitiatof] 6

It is noted that the term on the right hand side of equation (8)
corresponds to the maximum rate expression derived for eutoxidations
ectivated. by cobalt acetate (equation 5).

The velocity of initiation of cxidations in the presence of
Bz0g or AZBY can be calculated from Bewn and M:lish's data for the
decomposition of these two compounds in benzene solvent. Therefore
it is possible to directly calculate the right hand term in equation
(8) and compere the value obtained with the corresponding value for
the maximum rete of oxidation using cobalt activated initiation.

The numerical values are summarized in Table I1II.
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TABLE II1

Comparisen of Maximum Ratos of oxidetion®

z Temp. . Caloulated Observed
o Bz0z 278y Coho2 Therme 1
5000 B - s 1;* ; 105 =
61,6 3.4 4,6 4.1 -
69.0- 8,6 8i2 5.9 0.013b6

®¢ vaximum rate of oxidetion x 10%m/1/sec.

5 LS At nll three temperntures studicd, the agreement between the two
.oalcﬁlated valuee of the~mnximum rate of oxidation and the observad

value for cobalt ncetate activeted oxidetion is very clonse. The

" value for the rate of oxidation measured for the thermally oxidized
ﬁ : te';:;'al_i_.n 15 o the Brdes of 50D o 700 tisss sraller than the othsr
values. As previously.ndted this discrepancy can perhaps be
attributed to the formntion of inhibitors during the course of

oxidati?ﬂ.

Comperison of Activation Energles:

The temperaturoc dependencs fnr the AZBY, Bz0, and cobolt
ectivates oxidation of tetralin is shown in Figures XVII-XIX,
rospectively. The cverall nctiveticn energies can be détermined
for each system from plots of the log ratc vs. the reciprocal of
absolute tempurcture as shown in Figures XX cnd XXI. Figure XXI
&lso includes the data on tho tomperature dependence for the stealy
congentration of hydroperoxido £§Oeﬁ]<z> and the rate of copalt
il' s

- 22 -
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‘aotivated decomposition of tetralin hydroperoxide. The lntter deta
are teken from the rate measuroments shown in Figure XXII.
In the case of the Bz0p or AZBN initiated oxidation, the overall

activation energy (E;) from equation (2) is given by the following

vxpressions

E, = By + & (EqeEg) (9)
where Egz,Eg and_E7 are the activation

energios of the correspcnding
. rate oconstants given in
‘mechanism (A).

apd for cocbalt acetate asctivated oxidaticn, the ovarall_actiiation

energy (Eo') from equation (6) is given by the expréssion:

E, = 2Bg=Eg (10)
where E3 and Ig are the activetion

ensrgies ~f tho correspunding

rate constents given in

mcehanism (i),
Equation (9) may be readily trarsformed to yield the expression:

E, - 3B7 = Ez~iEg (11)

Tho magnitude of (Ez-3Eg) in oquaticn (11) shoulc be equal to one-
half the magnitude of EO' given in equction (10). A comparison of
(ES'%ES) for the threc systems as well as the value calculatecd from

the data of Bamford anc bewar®  for photo-sengitized oxidation is



given irn Teble IV.

TABLE IV

" >

Mode of Initiatinn By (14) (Xools.) By (Koals,.) 33-586 (¥ecals.)
of Oxidation

AZBN 30,7 24.2 8.8

Bz0y 29,6 26.6 10.8 -
cobaltous acetate - - 8.2%0.6
photosensitized 6) - - 4,3

Whereas the values for (Ez=3Eg) are consistent for the three systems
prescnted in this ai';t'icle, the valucs are approximately two-fold great-

er than thet obtained by Bamfcrd ancd Dewar. This discrepancy may

perhaps be attributed to the fact that these suthors performed their
studies at only two t-emparatpres in crder tc determine activetion
cnergies. It should be peinted out, however, that Bamford and Dewar
performed direct measurements of thc rate corstants of the indivicdual
steps in mechanism (A) and this procedure mey have avoided crrors
inherent tc the other three methods of measurerment,

It is also of interest t- compore the activation energy for the
oobalt acctate cotivated decomposition »f tetrelin hydropercxi-ic
when detormined by direot moszsuremont or oaloulated from the overall
tempereturc dependence for E'd&)a]/dff}(%’ and {I}OOHJ oo+ The
averall uotiva.ticn energy for E—d @2]/3'90(.: is given by equation
(10) end tha overall activation encrgy for EOOHJOQ, (Eg), from

oequation (4) is given by the cxprossion:

-0l
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Eg = 2By = Eg = E;' (2)

where Eg, Eg arnd E;’ are the activation .

energies of the ocorresponcing rate

constants given in mecheanism (D).
If By is subtracted from E,', the difference is eimply the activa=-
tion énergy.'El'.'for'tha metal catalyzed breakdown of tetralin
hydroperoxide. The values for Eﬂ.and Eo' are given in Figure XXI
along with the value for El' measured-directly from studies of the

cobalt acetate aotiiated déoomposition of tetralin hydroperoxide.

The sotivation energy values are summerized in Table V.

TABLE V

. Activation Energies (Kcals.)
Eo' ' Eg . ! ‘ -Eli :
Observed ? Calculcted g
L § )
% (Eo -Ep) |
; : : —
16,4811 | -7.6220 | 21.2%0,0 | 24.0%4,0 :

R

Gansidering the margin of error in the coloulated value of E;',
the agreement between the two wvulues is good,

It is interesting to noto that the overall zeotivation energy

for the steady concentration of hydroperoxide is o ncgative quantity

(Bg==7.6 Kcals,), This arises, of course, from the fact that t?OO§]<)O

decreascs with increasing tempercturc of oxidaution., It would be of

considerable interest to investigate oxidations of totralin amctivated

=25 =
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by other mut:.1 complexes where El' would be sufficiently small to
enable the velue for EH' as defined in equation (12), to be positive.
In such casss, @0051 oo would increess with increasing tomperature
of oxidation., The bimolecular reaction of ferrous ior with cumene
hydroperoxi&e, for example, is & one=clectron transfer prccess with
a measured activation energy of 12.0 Kcalsls.: In this oase, however,
the ferrous ion reacts with the hydrcperoxide, mole for mole, whereas
the decomposition of tetralin hydroperoxide activateé by cobalt
acetate in acetic acid is of an obviously more complex natufo sinee
the moles of hydroperoxide decomposed is considerably in oxcess of
the moles of added cobrlt ion. On the other hend, it hus bcen
demonstrated:” that many other metal complexes can prcmote the
decomposition of larpe cxcess of cumene hydroperoxide. Tnese agencies,
however, heve not becen studied as activators for oxidation rcactions
in the present wvork, -

Robertson and Waters® have briefly studied the kinctics of the -
thermal decomposition of tetralin hydrcperoxide in teotralin in the
range 88° to 138°C. At low peroxiie concentrations, the decomposition
reaction is essenticlly unimolecular end exhibits an activation
energy of 24.4 Xoals, This activotion energy veluc seems pertioularly

low for the streight-forward wrimolecular decomposition cof the hydro-

peroxide since the 0~-0 bond cncrgy of other organic persxides and

(16) R.J. Orr and H,L.Williems, Can. J. Chom, 30, 985 (1962).
(17) J.W.L. Fordham and H,L, Williams, Can., J. of Research, B28,
551 (1950).
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hydreoperoxides is found to be on thec order of 30-38 Kcals.lé’la.

An cttempt has teen made to letermine the activation ensrgy for tne
therml decumpositisn of tetralin hydroperoxide by the initial rate
techrique employed for measurements cf EPOO"I]m » These studies

were mede on mixtures of tetralin nnd tetralin hydrcperoxide in di-
phenyl oxidized in the range 145° to 172?C., By determinction cof
EOOHJw at severcl temperatures and assuming that the peroxide
deco_mposition is strictly unimolecular, the overnll acctivation emergy,

By, for E_ROOHJm can be written as (compare eq. 12);
E, = 2Bg - By - E; (13)

where E; refers to the activetion energy for the unimclecular decome
position of tetralin hydroperoxide im tetrzlin solvent in the cbsenre
of metal activaters. The measured value for Eg is -iS8.7 Keals. as
tchovn in Figure XXIII. #hen this value is substituted in equation
(13), elong with the aversgc valuc of 16.6 Keals. for (2Ez-Eg) from
Table 1V, the magnitude of Ei is found t- be 35,7 Keals, Although
this vaiie more closely approxirates the expected activation energy
for tho rupture of the 0-0 linknge in an orgenic hydroperoxide, than
the wlue of Robertson cnd wWaters, ncevertholess the expsrimentel

determination involved eeverel uncertaointies and the value may be in

errore The first uncertointy is oxpcrimentsl rnd is due t» the

(18) (2) J.H.Raley, F.F,Rust and W.E.Vaughan, J.Am.Chem.Soce, 70,
88 (1948). -
(b) ¥, Szwarc cnd J.S.Roberts, J.Chem.Phys., 18, 561 (1950).
(¢) R.E.Rsbbert end K,J.lridler, J,Chem.Phys.,20, 574 (1952).
(@) J.¥.L.Fordham snd H.L.Willicms, Con.J.Rescarch,B27,943(1949).
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relatively long times requirec for the rsactants to reach bath
tempérﬁture (150° to 172°) ip.an initisl rote éxperiment. The sccond
uncertainty concerns the application »f the initial rate technique to
& hydrocarbon system in wh;cﬁ the order of the hydreperoxide decomé;si-
ti~n recstion can be altered by induced chain decomposition cnd where
the hydrocarbon oxidaticn rehé%ion is recognized to produce = self=-
inhibitor. It should Be poiﬁéed out, howvever, that while thc breeke
down -f peroxides may exhibit ohtin induced decompcsitions in dome
solvents, in the presence of othor solvents (e.g. polymorizable
monomers ) the radicals formed from the initial breckiown of the
peroxide are repidly converted to sclvent type radicals which do not
couse induced decompesiticon, The Jecrmposition of hydroperoxides in

sclvents such as tetralin which underge rcactinn with ~xygen may also

exhibit a repression of induced cecurpesition.
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SUVERY

Studies have been porformed on the 1£quid phese cxidotion of
totrelin. The kinetics of the reaction have been specified for
oxidations initiated by free radicnl producing compounds (benzoyl
peroxide and azo-bis-iszobutyronitrile) and by a heavy metal active-
tor, cobeltous acetate. It is demonstrated that the oxidation
reuctions initiated by these agencies are uniquely related and udhere
to the maximum rate theory previously propased for hydrocarbon
autcoxidation, The thermal oxidation of tetralin at elevated tempera-
tures .is acoompanied by the formotion of self-inhibitors which
markedly repress the reacti-n. The oxidation in the presenco of
cobz.lt mecetate gives rise tn the formetion nf steady concentrotionms
f totralin hydroperoxide. The depsndence of the steady crncentration
of hycdroperoxide on termperaturce of reastiosn and comcentraticn of rce
actants ha; been measured by an initial rate techrique, From this
stucy it is possible to define in greater detail the cxidation
reaction as well as the initiation step inv-lving the decompositicn

of the hydrcperoxide,
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Figure 1 « Oxygen Absorpticn Appar&tus - Legend
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Figure 2.

OXIDATION OF TETRALIN AT 50C.

Rate vs. AZBY Concentration

(Tetralin = 5.25 m/1 in Chlorobenzene)

2.4 :
(azer) - m/1 :
© 0.0150 /P ,
A\ 0000788 H
5 0.00528 P / 3
1 < 0.00105 7y
2]
5 i /J |
R / o /9
K /° 7
E & 8
o , P v
, L v Ao L2
{ 2 / L4
2 1.2 - (-\; fl =
S / //J:l
o ¥ i
2 ¢/ /f/ x})
S / A /X/
0w % a )(
e 3 /O 7 v
< £ rn® /
o;a’
"
5"/ x""/
/ A
047 s A&
/Ca//g i
“/
i
f%,. x
N
0 /‘ S 9 f ! ! ! .
0 50 100 150 200 250 300

Time = minutes




(s

OXIDATION OF TETRALIN AT 50°C.

Figure 3.

log Rate vs. Log AZBN Concentration

{Tetralin = 5.25 m/1 in Chlorobenzere)
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Figure 4.

OXIDATION OF TETRALIN INITIATED BY AZBN AT 50° C.

Rate vs. Tetralin Concentration
(AZBY = 0,0105 m/1 in Chlorcbenzene)
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(-d0,/dt) x 108- m/35 ml/min

Figure 5.

OXIDATION OF TETRALDN INITIATED
BY AZEM AT 50°C,

Log Rate vs. Log Tetralin Concentration

(AZBN = 0.0105 =/1 in Chlorobenzene)
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Figure 6.

OXIDATION OF TETRALIN AT 50°C.

Rate vs. CoAcy; Concentration

(Tetralin = 2,67 m/1 in Hic)
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Moles Oy absorbed/liter

Figure %

OXIDATION OF TRTRALIN AT 50°C. ACTIVATED BY COBALT ACETATE

(CoAco = 0.001, Tetralin = 3,67 m/1 in HAc)
2
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Figure 8.

OXIDATION OF TETRALTY AT 50°C. ACTIVATED RY COBALT ACETATE
Rate vs. Tetralin Concentration

(CoAc, = 0.002 m/1 in HAc)
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Figure 9.
OXIDATION OF TETRALIN ACTTVATED BY COBALT ACETATE AT 50°C.

Lcg Maximum Rate vs. Log Tetralin Concentration
(Cohcy = 0.002 m/1 in HAe)
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Figure 10.
OXIDATION OF TETRALIN ACTIVATED BY
COBALT ACETATE AT 50°C.

Log(ROCH),. - vs.
log Yetralin Concentration

Coicy = 0,002 m/1 in Haic)
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Figure 11.
OXIDLTION OF TETRALIN AT 50°C.

Log(ROOH),,- vs.
Log CnAc2 Concentration

(Tetralin = 1,22 =/1 in Hic)
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Figure 12.
‘DECOMPOSITICH OF ROOH ACTIVATED BY COBALT ACETATE AT 50°C. -

(ROOH(; = 0.04 m/1 in HAc - CgHg)
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Figure 18,

DECOMPOSITION OF ROGH ACTIVITED BY GOBALT ACETATE AT 50°C.
log Rate vs. Log Codc, Concentration
(ROOH, = 0.04 m/1 in HAe - CgHg)
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THERMAL OXID/.TION OF TETRALIN AT VARIOUS TEMPLRATURES
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RALD: IMITIATED BY AZBY AT
VARIOUS TEVPERATURES
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Rate vs. Temperature
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Figurc 22.

DECOMPOSITION OF ROOF ACTIVATED BY
COBALT ACETATT AT VARIOUS T FERATURES
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